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SUMMARY 
243 
The nuclide Am undergoes alpha decay with a half-life of 
3 239 4 
7.950 X 10 years to 2.346 day Np which beta decays to 2.44 x 10 
239 
year Pu. The present investigation represents a study of the excited 
239 239 243 
states in Np and Pu populated by Am decay. 
General features of the published level schemes for these nuclei 
are consistent with predictions of the Nilsson and collective models; 
however, there remain many undiscovered transitions and ambiguous or un­
certain level assignments. In order to confirm current theoretical 
models which account for nuclear level assignments in these nuclei, these 
gamma transitions and their levels are established with certainty. 
243 
In the present work, the decay of Am is investigated by (i) 
radiochemical purification, (ii) high resolution gamma singles spectrom­
etry, and (iii) two-parameter gamma-gamma coincidence spectrometry. The 
present equipment, composed of two Ge(Li) semiconductor detectors, a 4096 
channel, two-parameter analyzer, and a PDP-8/e computer system, permitted 
considerable improvement in accuracy and sensitivity over previous work 
on these nuclei. 
1 
CHAPTER I 
INTRODUCTION 
The element americium was discovered during experiments conducted 
in late 1944 at the Metallurgical Laboratory (now Argonne National La­
boratory) of the University of Chicago by G. T. Seaborg, R. A. James, 
1 2) 
L. 0. Morgan, and A. Ghiorso. ' It was chemically separated from prod­
ucts of the neutron irradiation of plutonium, an element whose properties 
had received extensive investigation because of the military implications 
of the slow neutron fission reaction. As element number 95, it was named 
americium (Am) after the Americas on the basis of its position as the 
sixth member of the actinide rare earth series, analogous to europium of 
2 ) 24 3 
the lanthanide rare earths. The isotope Am is particularly suited 
3 
for chemical study because of its relatively long (7.95 x 10 y) half-life, 
239 239 243 
The nuclear properties of Np and Pu, from decay of Am, have been 
chosen as the subject of this investigation. Early work on the nuclear 
239 239 
decay schemes of Np and Pu is summarized in Ref. (3) and (4). 
243 
Both Am and its daughter products lie in the heavy element 
region (A > 225) , where nuclei have been found to have pronounced spheroi­
dal deformations and properties which have yielded significant contribu­
tions to the development of various theoretical nuclear models. These 
models attempt to characterize, under a set of rather simple assumptions, 
the complex forces acting in these nuclei. Refinement of the theoretical 
predictions of these nuclear models has been achieved by careful and 
2 
detailed accumulation of extensive experimental data, such as obtained in 
this and similar studies. 
The motion of single nucleons in spherical nuclei close to closed 
shells has been described by various refinements of the fundamental, 
independent particle model. An important interaction first proposed inde­
e d /: \ 
pendently by Mayer ' and by Haxel, Jensen, and Suess in 1948, assumed 
strong spin-orbit coupling forces for individual nucleons. Theory was 
then able to predict the phenomenologically observed stability of inde­
pendent particle states corresponding to the "magic number" nuclei. 
A major component of the nucleon-nucleon residual interaction 
manifests itself as an energy gap observed between the ground state and 
the first excited state in even-even nuclei. This energy gap is the re­
sult of a strong, short-range, attractive force between nucleons of the 
same shell model state and is referred to as the pairing interaction. 
Empirical evidence seems to indicate that long range effects of 
the nuclear potential lead to a correlated motion of the nucleons in an 
average potential force field. This results in nuclear excitation levels 
which have energy below that expected for single particle excitations. 
These levels are classified in terms of rotations or vibrations of the 
nucleus as a whole. 
As more accurate measurements of the quadrupole moments of certain 
nuclei became available, their large magnitude indicated that many nuclei 
are not spherically symmetric in shape, but are assymetrically deformed. 
The average potential experienced by individual nucleons in these nuclei 
is assumed to approximate closely the deformed nuclear shape. Nilsson^ 
first described nuclei in terms of the motion of unpaired nucleons outside 
3 
of a distorted central nuclear core. 
Further refinements of the nuclear models have included various 
perturbation effects chosen on the basis of physical intuition and par­
ameterized to fit the experimentally observed nuclear properties of vari­
ous nuclei. As state-of-the-art electronic equipment and radiation de­
tectors have advanced rapidly in the past few years, so have the quantity 
and precision of experimentally measured and determined nuclear proper­
ties. These new data provide very sensitive and critical tests for any 
final, comprehensive, working, nuclear model. 
There is little recent published data concerning the low energy 
239 243 
level structure of Np, the alpha decay product of Am. Engelkemier 
has conducted the most recent studies of the decay of this nuclide by 
a-y coincidence techniques^ and by conversion electron spectroscopy.^ 
He proposed several new transitions and indicated possible new energy 
levels. The present investigation attempts to extend this and earlier 
research on this decay scheme by accurately measuring the low energy 
gamma-ray spectrum with both small volume (high resolution) and large 
volume (high efficiency) Ge(Li) detectors. This study of the gamma-ray 
singles and gamma-gamma coincidence spectra associated with the alpha 
243 239 
decay of Am to levels in Np and subsequent beta decay to levels in 
239 
Pu (see Fig. 1 ) , attempts to elucidate further the level schemes of 
these product nuclei. 
Chapter II briefly outlines the theory of the low energy structure 
of deformed (heavy) odd-mass nuclei and principles of gamma-ray spectros­
copy. 
4 
239 
NpT^2=2.35d 
Q ^ = 7l3keV 
243 
Am T y 2 
35 MeV 
= 7950y 
239 Pu T^ 2= 2.44xl010y 
Figure 1. Am Decay Scheme Showing Ground State Paths Only 
Chapter III presents the experimental procedures and methods of 
data reduction adopted in the present investigation, describing the 
equipment utilized, the method of source preparation, and the singles and 
gamma-gamma coincidence measurements. 
Chapter IV is a discussion of the results of this investigation and 
their interpretation in the light of currently accepted level schemes and 
models of nuclear behavior in this region. 
5 
CHAPTER II 
THEORETICAL BACKGROUND 
The nucleus of an atom is a many body structure of extraordinary 
complexity. The principal forces operating within the nucleus are the 
strong (nuclear binding) forces, the electrostatic (Coulomb) force, and 
the weak interaction force. Because the properties of nuclear forces 
are not well known, various simplifying assumptions concerning coordinated 
interactions of nucleons within the nucleus have been made. Each set of 
assumptions has resulted in a different nuclear model which can be suc­
cessfully applied to only a restricted number of nuclei. 
243 
The nucleus Am, with 95 protons and 148 neutrons, lies in a 
region of nuclei where large electric quadrupole moments have been mea­
sured, indicating a large degree of nuclear deformation. Nuclei in this 
region are best described by the Nilsson model for single-particle shell 
states in deformed nuclei, and by the Bohr-Mottelson collective model for 
rotational and vibrational motion. 
In order to describe the single-particle motion of a nucleon in­
side a nucleus, it is first necessary to find a suitable expression for 
the potential energy of the nucleon. As a first approximation, each nu­
cleon is described as moving in a potential field which is an average of 
the interactions of that nucleon with all of the other (A-l) nucleons 
within the nucleus. 
This potential is usually considered to be spherically symmetric, 
6 
with the form either of a three-dimensional isotropic harmonic oscillator 
or of a square well. The true nuclear potential is thought to lie some­
where between these two limits. 
For the harmonic oscillator potential, the energy eigenvalues are 
given by the expression: 
E N = (N + 3/iyhm (1) 
1IOJ is a quantum of vibrational motion, with 
eu = 2rrf (2) 
where f is the frequency of vibration and N, the principal quantum number, 
is given by: 
N = I + 2(n-l) (3) 
The number n is equal to the number of nodes in the radial wave function 
and & is the orbital angular momentum quantum number. For each energy, 
E^, there exists a degenerate set of single particle levels; the levels 
having different values of n and I. There is further degeneracy in the 
magnetic quantum number, m . The total degeneracy of each energy state is 
s 
given by the expression (2j+l), where j is the total angular momentum. 
Since nucleons have spin, s, where 
s - 1/2 (4) 
and 
2 ~ S I ± S = I ± 1/2, (5) 
7 
the total number of nucleons of each kind with the same n and I values is 
2(24+1). This gives the correct level ordering for only the lighter 
nuclei. 
A major advancement was recognition, by M a y e r ^ and by Haxel, Jen-
6) —+ —» 
sen, and Suess, of the importance of strong spin-orbit coupling (-K4»s) 
where 
j = & + s (6) Jmax 
= i - s (7) 
min 
i.e., states with I + l/2 are more tightly bound than states with I - l/2. 
The nuclear potential was written as, 
V = 1/2 mcu 2r 2 + liu) [cl-s + J H - l l (8) 
' o o 
where C and D are negative constants, the values of which are adjusted to 
fit the empirical data for each shell in both the neutron and proton 
filling order, and 
u) = £ (9) 
o m 
where m is the mass of the nucleon and k is a force constant which de­
scribes the average single-particle field. The effect of strong spin-
orbit coupling is to give different occupation numbers for closed shells. 
The order of the energy levels within a shell depends sensitively on the 
form of the potential well and on the magnitude of the spin-orbit coupling 
assumed. 
8 
Nilsson chose a non-spherical, modified harmonic oscillator 
potential that produced agreement with empirical data over a greater range 
of mass numbers. His choice for the Hamiltonian (in Cartesian coordinates) 
of a prolate or oblate spheroidal nucleus is given as: 
2 
Hsph = 2m" + l / 2 [kl- < x 2 + y 2 > + k z z 2 ] + C ^ + D ^ ( 1 0 ) 
2 
where the force constant, k, = k = k . In this expression, is the 
- L x y r ' 2 m 
2 2 2 
kinetic energy of the nucleon, l/2 [k^ (x +y ) + "k^Z ] is the deformed 
—» —• —»2 
nuclear potential, C4*s is the spin-orbit coupling term, and the Dl term 
distorts (i.e., flattens) the nuclear potential. The inclusion of the 
Di term had the effect of lowering the nuclear potential just inside the 
nuclear edge. 
Spheroidal deformation of the even-even core of the nucleus means 
that the odd nucleon no longer moves in a spherically symmetric potential 
and, therefore, its orbital angular momentum (4) and total angular momen­
tum (j) are no longer conserved. However, the total angular momentum of 
the system must be conserved, which leads to the conclusion that the 
spheroidal core must have angular momentum coupled to that of the odd 
nucleon. Parity (TT) is still a good quantum number, where the parity is 
determined as: 
T T = (-1) N (11) 
The parity is designated (+) or (-) depending on the even or odd charac­
ter of the principal quantum number. 
The Nilsson quantum numbers, as shown in Fig. 2, are: 
9 
Q which is the projection of j, the angular momentum of the odd nu­
cleon, on the nuclear symmetry axis; 
A —» 
JV which is the projection of j£, the orbital angular momentum of the 
odd nucleon, on the nuclear symmetry axis, where A = Q ± l/2; 
—> 
S which is the projection of s, the intrinsic nuclear spin, on the 
nuclear symmetry axis; 
N the principal quantum number, which is equal to the total number 
of nodes in the wave function; 
n z the number of nodal planes perpendicular to the symmetry axis, from 
the energy eigenvalues of the Nilsson Hamiltonian as given by: 
E = (n.+iyhu). + (n + l/2>hw (12) 
where <JD . and m are harmonic oscillator constants and 
.1 z 
N = n , + n (13) 
The energy levels of a nucleus are identified by the values of Q and 
parity (TT) and by the quantum numbers N, n^, and_A_. They are often 
labeled as nTT[N,nz,A]. 
The eigenvalues corresponding to these eigenstates of the Nilsson 
Hamiltonian are usually displayed as a plot of energy in units of ftuj^ 
versus nuclear deformation ( e ) . This parameterization (hu)Q) serves as 
an energy scale factor and is dictated by the single-particle level den­
sity of nuclei. The Nilsson diagram pertinent to the mass region A z 243 
is given in Fig. 3. This diagram is taken from Ref. (10). The energy 
10 
levels are labeled by [N,n , J\_,fl], 
The ground state of Np is 5/2 [642] and that of Am is 5/2" 
[523]. The proton states in these nuclei lie at a nuclear deformation of 
e « 0.25 in Fig. 3, corresponding to proton numbers 93 and 9 5 . " ^ The 
Nilsson quantum numbers, [523], define the ground state as follows: 
N = 5, n = 2 , and since N - n = 3 (odd), _A_ must be 3, i.e., Q + l/2. 
z z 
239 + 
The nuclide Pu has a ground state of l/2 [63l] that is similarly de­
fined by its odd neutron state. 
Figure 2. Angular Momentum Coupling in the Nucleus 
and Quantum Numbers for Deformed Nuclei 

1 2 
CHAPTER III 
EXPERIMENTAL METHODS AND DATA REDUCTION 
243 
The collection and analysis of data on Am decay proceeded in 
four distinct phases. The radioactive source was first prepared. The 
detector and electronic instrumentation were then calibrated by plotting 
an efficiency curve using known standard sources. Singles spectra were 
taken to determine the energies and intensities of individual gamma tran­
sitions. Coincidence data were then used to place the transitions in the 
decay schemes. 
1.1 Source Preparation 
243 
Chemical separation of Am from its nuclear decay products was 
243 
performed on a five (5) milliliter solution of Am in 1M HNO^ provided 
by Dr. R. M. Harbour, Analytical Chemistry Division, Savannah River Plant, 
243 
This solution contained Am in equilibrium with its daughter products 
and had 1.573 x 10^ dis/min-ml gross alpha activity and 1.363 x 10^ 
/ 243 
dis/min*ml Am activity. 
Lanthanum hydroxide [La(OH)^] was used as a carrier, to isolate 
the actinides from the gross activity. The La(OH)^ was then dissolved in 
H N O ^ and lanthanum was reprecipitated with ammonium fluoride [NH^FI. The 
243 239 
lanthanum fluoride precipitate, containing Am(VI), Np(IV), and 
2 39 
Pu(IV) was dissolved in aluminum nitrate [AlCNO^)-^ and diluted with 
239 239 
1M HNO^. From this solution, Np and Pu were extracted with 0.5M 
13 
thenoyltrifluoroacetone (TTA) in xylene. A comprehensive investigation 
of TTA extraction coefficients for 48 elements has been given in the 
literature, see Ref. (12). 
The experimental procedure consisted of three parts: (1) the acid 
239 239 
concentration of HNO^ was adjusted to 1M and Pu(VI) and Np(V) were 
2 3 9 2 3 Q 
reduced with ferrous sulfamate [Fe(NH 2S0 3) 2] to Pu(IV) and Np(TV), 
239 239 
respectively; (2) Np(IV) and Pu(IV) were quantitatively isolated by 
solvent extraction with 0.5M TTA in xylene; and (3) the aqueous extract, 
243 
containing Am was analyzed by gamma-ray spectroscopy, using a small 
volume Ge(Li) detector (see Sect. 1.3). 
243 
Complete separation of Am(V) from its daughters was assured by 
close control of the acid concentration to 1 ± 0.1M and by repeating the 
13) 
extraction step as required. The extraction procedure follows. 
243 3 
(1) An aliquot of the radioactive Am solution having 10 to 
4 / 
10 dis/min of alpha count rate was pipetted into a 15 ml centrifuge cone 
(2) Distilled water or HNO^ was added so that at the end of the 
next step the acid concentration was 1M. 
(3) One ml of 2M ferrous sulfamate [Fe(NH^SO^)^ solution was 
added as a reducing agent. The solution was thoroughly mixed and allowed 
to stand for five minutes. 
(4) Three ml of 0.5M TTA in xylene was added and stirred vigorous 
for five minutes. 
(5) The aqueous and organic phases were allowed to separate and 
239 239 
the organic phase, containing Pu(IV) and Np(IV), was removed with a 
transfer pipette. 
14 
(6) Steps (2) through (5) were repeated three to four times to 
243 
achieve a complete separation of the Am activity. 
Upon concentration by evaporation, an aliquot of the aqueous phase, 
containing an amount of ^ ^ A m equivalent to 10"^ dis/min was added dropwise 
to a Mylar film supported on a plastic ring and heated to dryness. The 
source was then allowed to cool and the radioactive deposit was sprayed 
with a thin film of acrylic resin prior to counting. 
239 
Alternatively, because of the short half-life (2.35 d) of the Np 
daughter, the freshly separated aqueous phase was immediately counted in 
the liquid state. 
243 * 
By comparison with an electroplated Am source, in equilibrium 
with its daughters, the fresh chemically separated source exhibited a 
239 6 2 ^\ 3 
large reduction (< 10 dis/min Np per 10 dis/min Am at the instant 
** 239 
of separation) in the intensity of Pu K x rays arising from 2.35 d Np 
243 
decay, relative to the 43.531 and 74.673 keV gamma rays in Am decay. 
Details of the singles spectroscopy are discussed in Sect. 1.3 below. 
239 
These results show that an excellent separation of the 2.35 d Np and 
239 
long-lived Pu daughters was achieved by this radiochemical procedure. 
A further evidence that the new gamma rays reported in Sect. 1.3 
243 
arise from Am decay, and not from some extraneous impurity such as a 
fission product, is obtained from the observation that the growth of these 
gamma rays requires approximately eight days to achieve radioactive equi­
librium, in agreement with the predicted t for growth of a 2.35 day Purchas d several years arli r from the Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 
Pu K a 1 ? Ka 2, and x rays at 103.65, 99.46, 117.15, and 
120.59 keV, respectively. 
15 
243 
1.2 Detector Efficiency Calibration 
Since construction of a decay scheme requires both accurate deter­
mination of photopeak gamma-ray intensities and energies, it was necessary 
to determine the relative efficiency of the two detectors used in this 
work. This was done for the ORTEC Ge(HP) detector and for the ORTEC 
large volume,true coaxial Ge(Li) detector. 
The detector photopeak response curves (see Fig. 4) were established 
with a set of standard gamma-ray sources of known activity consisting of 
241. 57- 60
 r 137- 5 4 M 22„ , 8 8 v . , , , _ _ 
Am, Co, Co, Cs, Mn, Na, and Y provided by the International 
182 
Atomic Energy Agency (IAEA), Vienna, and a Ta source produced by the 
181 182 
Ta (n,y) Ta reaction in the Georgia Tech Research Reactor (see Table 
243 
1). Also, many of the gamma rays in Am decay have precisely determined 
14) 
intensities that can be used as internal relative efficiency standards. 
The standard sources were placed individually at a fixed distance 
(2.5 cm) from the detectors and counted for a known time. Since the 
activity and decay characteristics of these standard sources are accu­
rately known to 1-2 percent, the efficiency of the detectors can be cal­
culated from the following relationship: 
e(E) = V ( N K V 
A 6 mm active diameter X 3.5 mm sensitive depth, high resolution 
intrinsic germanium detector with a resolution of 0.50 keV FWHM at 59.54 
A 46.5 mm active diameter x 48.5 mm active depth, true coaxial 
Ge(Li) detector, with a resolution of 2.1 keV FWHM at 1.33 MeV and an 
efficiency of 14.7 percent for the 661 keV line in l-^Cs decay, compared 
to a 7.5 cm x 7.5 cm Nal(Tl) detector. 
daughter from the 7950 year Am parent. 
16 
1 0 100 
E N E R G Y ( K E V ) 
1 0 0 0 
Figure 4 . Detector Efficiency Curves (Curve A represents the relative 
detection efficiency of the intrinsic Ge(HP) low energy photon 
detector [6 mm active dia x 3.5 mm sensitive depth; resolution 
0.50 keV FWHM at 59.54 keV] at the distance used in the pres­
ent work (2 .5 cm). Curve B represents the absolute detection 
efficiency of the large volume, coaxial Ge(Li) gamma-ray de­
tector [46 .5 mm active dia x 48.5 mm sensitive depth; 14.7% 
efficient for the ^^Cs 661 keV line relative to 7.5 x 7.5 cm 
Nal(Tl); resolution 2 .1 keV FWHM at 1.33 MeV] at the distance 
used in the present work (2 .5 cm).) 
17 
Table 1. Standard Sources Used in the Detector Efficiency Calibration 
Nuclide Photon Energy Photons Emitted 
(keV) per Decay* 
Am 13.9 0.135 ± 0.003 
17.8 0.202 ± 0.004 
20.8 0.050 ± 0.001 
26.4 0.025 ± 0.002 
59.54 0.359 ± 0.006 
Co 14.36 0.095 ± 0.002 
121.97 0.856 ± 0.003 
136.33 0.1075 ± 0.003 
}Co 1173.23 0.9974 ± 0.0005 
1332.49 0.9985 ± 0.0003 
Cs 32.1 0.0567 ± 0.002 
32.9 0.0702 ± 0.0022 
36.5 0.01345 ± 0.00048 
661.635 0.851 + 0.005 
W 834.81 1.000 
!Na 1274.55 0.9995 ± 0.0002 
:Ta 84.68 18.5 
100.1 100.0 
113.7 13.9 
116.4 3.17 
152.4 51.5 
156.4 19.8 
179.4 23.3 
198.35 10.8 
222.1 55.7 
229.3 28.1 
264.1 26.4 
}Y 14.4 0.6340 ± 0.0032 
898.04 0.914 ± 0.007 
All values are taken from Ref. 15. 
18 
where Cg is the number of counts detected in the photopeak of energy E, 
Ng is the number of photons of energy E emitted per disintegration, and 
N q is the disintegration rate per second. 
The detector photopeak response curves give the relative full 
energy peak detection efficiencies of the Ge(Li) detectors as a function 
of photon energy. These curves show the typical efficiency response of 
semiconductor detectors. The drop-off at low energy is due to absorption 
of the gamma rays in air, the beryllium window, the gold contact layer, 
and in the insensitive (dead) germanium layer. The drop-off at high 
energy is due to the decreased photoelectric cross section at high energy. 
1.3 Gamma-Ray Singles Measurements 
As gamma rays, emitted by a decaying nuclide, enter the germanium 
semiconductor detector, they interact by one (or more) of three pro­
cesses: photoelectric effect, Compton scattering, or pair production. 
In the photoelectric process, the gamma ray gives up its energy to 
an inner shell electron. The kinetic energy of this primary electron is 
then transferred to secondary electrons, resulting in their elevation to 
the conduction band. The bias voltage carries this current away to the 
preamplifier, producing a signal proportional to the energy deposited in 
the sensitive volume of the detector crystal. 
In Compton scattering, the gamma ray is scattered by an outer 
shell electron. If the scattered photon escapes from the detector with­
out further interaction, the energy deposited by the gamma ray is equal to 
the kinetic energy of the primary electron, which will have a maximum 
value when the photon is scattered through 180 degrees. Therefore, this 
19 
Compton edge in a gamma-ray spectrum represents the maximum transfer of 
energy to the electron in a single encounter. Multiple scattering of 
secondary photons may take place in a large crystal in a short time inter­
val. If all of the energy of the primary gamma ray is transferred to the 
crystal in this way, the signal is essentially the same as if it had been 
photoelectrically absorbed. 
Pair production can occur if the energy of the gamma ray is greater 
than 1.022 MeV. In the present case, however, no gamma rays of energy 
sufficient to produce pairs are present. 
Voltage signals, generated by the above processes, are transmitted 
from a preamplifier to be shaped and amplified by a linear amplifier. 
The height of the signal is normally a very precise measure of the energy 
deposited in the sensitive volume of the detector. The gamma-ray spectrum 
is obtained by digitizing these pulses in an analog-to-digital converter 
(ADC) within a multichannel analyzer (MCA) and storing the counts in its 
2048-channel memory (see Fig, 5) 
Figure 5. Block Diagram of Gamma-Ray Singles System 
20 
The spectrum can then be recorded on magnetic tape and converted to com­
puter cards for analysis. The term "singles spectra" refers to gamma-ray 
spectra taken with a single detector, having no coincidence requirement 
imposed on the gamma transitions. 
Gamma-ray photopeaks in the singles spectra ride on a Compton con­
tinuum which is greater at lower energies because of summing of the 
higher energy gamma contribution to the continuum and because of the more 
frequent occurrence of small angle scattering. 
In the present work, singles measurements were made with both a 
large volume and a small volume germanium detector. The high efficiency 
of the large volume detector permitted good counting statistics for the 
high energy gamma rays, within a reasonable acquisition time. However, 
the very high resolution of the small volume detector permitted the ob­
servation of multiplets which had not previously been resolved. The 
larger peak-to-continuum ratio of the small volume detector also made 
visible low energy photopeaks, which are hidden in the high Compton back­
ground spectra from the large volume detectors. Thus, the combination of 
both detectors revealed many new transitions which had not been reported 
previously. 
Energies of the gamma rays observed in this work were determined 
using a computer program employing a Gaussian peak shape to fit the peak 
centroids to known energy transitions in the decay scheme. The levels of 
239 239 
Np populated by the beta decay of U had been studied previously 
1 / : \ 
with a bent crystal gamma spectrometer. The precise values of gamma-
ray energies so obtained, 74.673 and 43.531 (and by difference, 31.142) 
21 
keV, were used as internal standards. 
Accurate determination of energies of individual gamma transitions 
enables these transitions to be placed more unambiguously in the decay 
scheme. The gamma-ray energies and relative intensities determined in 
this investigation and, for comparision, comparable published values for 
this decay are presented in Table 2. 
The gamma-ray energies in Table 2 represent average energy values 
of two separate singles measurements with the small volume (high resolu­
tion) Ge(HP) detector (see Sect. 1.2) over the energy range 20 to 334 keV 
243 
using the electroplated Am source. A singles gamma-ray spectrum taken 
with this detector using the same source is shown in Fig. 6. 
Figure 6 displays the low energy gamma transitions observed in the 
present work. Prominent in this spectrum are the Pu x rays: L x rays 
(12 to 22 keV), Kc*2 (99.46 keV), Kc^ (103.65 keV), Kgj (117.15 keV), and 
241 
(120.59 keV). Gamma rays from Am, a contaminant present in the 
243 
electroplated Am source, are identified in the spectrum at 26.40 and 
59.54 keV. The gamma rays at 31.10, 43.53, 74.67, 86.79, 117.60, and 
239 
142.18 keV are established transitions in the Np level scheme. The 
gamma rays at 44.55, 49.44, 57.32, 61.51, 67.04, 106.29, 181.83, 209.86, 
226.64, and 228.11 are also well established transitions in the daughter, 
239 
Pu, level scheme. The 106.29 keV gamma ray is a doublet with most of 
its intensity depopulating the 391.52 keV level and the remaining inten­
sity depopulating the 163.79 keV level (see Fig. 14, Chapter IV). 
The 116.41 keV gamma ray was clearly resolved from the Pu K3| x 
239 
ray and the 117.60 keV Np gamma ray using the small volume Ge(HP) de­
tector. The 121.70 keV gamma ray was also resolved from the Pu KjS^ x ray. 
Table 2. Gamma-Ray Energies in Am Decay 
Present Work I. Ahmad and 
M. Wahlgren 1 4) 
J. R. Van Hise and 
D. Engelkemeir 
8) 1972 1968 
Energy 
. a) 
Intensity Energy Intensity Energy Intensity*3^ 
31.10 0.11 ± 0.01 31.142 0.05 
43.1 * 43.1 
43.53 8.40 ± 0.06 43.531 8.3 ± 0.5 43.531 8.7 
44.55 0.18 ± 0.02 
46.73 0.088 ± 0.009 
49.44 0.17 ± 0.02 
50.6 
55.4 
0.0044 
0.014 
57.32 0.18 ± 0.02 
61.51 2.0 ± 0.2 
64.84 0.35 ± 0.04 
67.04 0.43 ± 0.04 
74.67 100.0 74.673 100.0 ± 4.5 74.673 100.0 
77.95 0.35 ± 0.03 
80.24 0.084 ± 0.008 
86.79 0.51 ± 0.05 86.7 0.61 
99.67 18.69 ± 1.8 99.536 21.97 ± 0.9 99.536 23.8 
103.88 29.25 ± 2.9 103.750 33.64 ± 1.2 
106.29 38.59 ± 3.8 106.14 42.12 ± 1.4 
Table 2. (Continued) 
Present Work 
Energy Intensity a) 
I. Ahmad and 
M. Wahlgren 1 4) 
1972 
Energy Intensity b) 
J. R. Van Hise and 
D. Engelkemeir 
8) 
1968 
Energy Intensity b) 
116.41 4.0 + 0.4 
117.15 8.4 + 0.5 117.1 13.48 ± 0.6 
117.60 0.84 + 0.12 117.8 1.23 
120.74 3.4 + 0.3 120.6 4.19 ± 0.2 
121.70 1.0 + 0.1 
142.18 0.19 + 0.02 142.0 0.21 
181.83 
a) 
0.06 ± 0.02 181.71 0.11 ± 0.01 
209.86 4.68 + 0.05 209.76 5.18 + 0.2 
226.64 3.75 + 0.70 
228.11 15.54 + 1.2 228.20 17.27 + 0.5 
254.46 0.15 + 0.02 254.41 0.17 + 0.02 
272.87 0.11 + 0.05 272.87 0.12 + 0.02 
277.66 20.9 + 1.9 277.62 21.97 + 0.6 
285.54 1.11 + 0.14 285.47 1.15 + 0.03 
316.05 2o32 + 0.25 315.91 2.30 + 0.08 
334.491" 3.09 + 0.30 334.33 2.95 + 0.1 
169.0 
195.0 
Photon intensities relative to 100.0 for the 74.67 keV gamma ray. b) 
0.0019 
0.0014 
Photon intensities 
originally reported in terms of photons emitted per 100 alpha decays have been recalculated relative 
to 100.0 for the 74.67 keV gamma ray. Resolved in the coincidence spectra. E y and I v in the energy 
range 334 < Ely < 661.59 keV were determined and found to confirm current published values (Ref. 4 ) . 
10 
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Figure 6. Small Volume Ge(HP) Detector Total Singles Spectrum Using the Electroplated Am Source 
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These gamma transitions were assigned to the Pu level scheme for the 
first time in the present work, based on their observed equilibrium 
growth rates (see discussion below). 
A singles spectrum was also obtained with the large volume (high 
efficiency) Ge(Li) detector (see Sect. 1.2) over the energy range 40 to 
243 
1332 keV using the electroplated Am source. This singles gamma-ray 
spectrum is shown in Fig. 7. 
Figure 7 displays the high energy gamma transitions observed in 
the present work. The Pu K x rays are again prominent in this singles 
spectrum. Numerous high energy background gammas are present, although 
a 15 cm lead shield was constructed around the source and detector face 
to reduce the amount of background radiation. These background gammas 
have been assigned as indicated. 
239 
The Np gamma rays at 43.53, 74.67, 86.79, and 142.18 keV are 
again present in this singles spectrum. The gamma rays at 61.51, 106.29, 
209.86, 228.11, 254.46, 272.87, 277.66, 285.54, 216.05, 334.49, 392.3, 
239 
497.8, and 504.2 keV are well established transitions in the Pu level 
scheme. 
239 
The 385.5 keV gamma ray has been placed in the Pu level scheme 
for the first time in the present work (see Sect. 1.4). 
243 
Singles spectra from a freshly prepared Am source were taken 
243 
continuously for 15 hours after chemical separation of the Am from its 
decay products (see Sect. 1.1), and the accumulated results were printed 
out at 15 minutes, 30 minutes, 1 hour, 5 hours, and 15 hours. Figure 8 
displays a composite of these singles spectra which shows the growth of 
239 
the 2.35 d Np daughter decay as it comes into equilibrium with the 
Figure 7. Large Volume Ge(Li) Detector Total Singles Spectrum Using the Electroplated 2 4 3Am Source 
0 > 
ENERGY (keV) 
243 
igure 8. Composite Singles Spectra from Chemically Separated Am Source (Taken with the small 
volume Ge(HP) detector at indicated time intervals after chemical separation.) 
28 
243 239 
7950 year Am decay. The relative intensity of the Pu K x rays, 
239 
compared to the intensity of the 43.53 keV Np gamma ray (see Fig. 1 ) , 
was measured as a function of time. This relative intensity growth ratio 
243 
was used to distinguish gamma rays belonging to Am decay from those 
239 
due to source impurities or to Np decay. 
From the secular equilibrium growth rate equations, the ratio of 
photopeak intensities as a function of time is given by: 
r W " X 2 t N1 
i ~ = ( 1 5 ) 
<V (1 - e h ) where subscripts 1 and 2 correspond to the parent and daughter, respec­
tively, X is the decay constant, and K is a constant equal to the ratio 
of the respective number of gammas per nuclear decay. 
The measured ratio, I(Pu Kcv's)/l(43.53) , as a function of time, 
followed the growth rate curve predicted by the above equation when the 
239 243 
published half-lives for Np and Am were used. 
243 
Comparison of the gamma-ray spectrum from a Am source in decay 
equilibrium (see Figs, 6 and 7) with that obtained from a freshly prepared 
243 
Am source (see Fig. 8) permitted assignment of the gamma rays to decay 
239 
of Np and allowed for exclusion of some of the gamma rays due to 
source contaminants which were observed in the older electroplated source 
but not in the freshly separated source. For example, the 68.87 keV and 
96.34 keV gamma rays observed in the low energy singles spectrum (Fig. 6) 
were not present in the spectrum taken from the chemically separated 
29 
source (Fig. 8 ) , indicating that these gamma rays are due to contaminants 
in the electroplated source. 
!•''• . 239 ' 
The 117.60 keV ground state transition in Np (see Chapter IV, 
Fig. 13) was masked by the much stronger 117.15 keV Pu K|3^ of its daughter 
243 
However, from the freshly separated Am source, the intensity of the 
117.60 keV gamma ray was obtained relative to the 74.67 keV gamma ray from 
a spectrum taken 15 minutes after chemical separation. The intensity ob­
tained by this method for the 117.60 keV transition is 0.84 ± 0.12 which 
differs somewhat from the only reported value of 1.2, obtained by ct-y 
coincidence measurements. No errors were given for this intensity. 
Previously unreported gamma rays such as the 116.41 keV transition 
239 
were identified as belonging to Np decay by observing that their growth 
as a function of time followed that of the K x rays of Pu. However, spec­
tra of some of the weaker gamma rays had such poor statistics that such 
identification was inconclusive. 
1.4 Gamma-Gamma Coincidence Measurements 
In principle, the placement of gamma transitions into a decay 
scheme can be done entirely on the basis of energy and intensity balancing 
This has proven to be a valuable technique in many earlier studies of the 
243 A , , 17,18,19) r r ,. . ' , 
Am decay scheme. However, many ambiguities may arise by this 
method, due to existing errors in energy determinations or because of 
failure to adequately resolve closely spaced photopeak multiplets. Co­
incidence measurements are useful in that they clearly establish gamma 
cascade transition relationships in a nuclear decay scheme. 
The two-parameter coincidence system depicted in Fig. 9 was used 
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to collect coincidence data from Am decay using an electroplated source 
243 
which contained Am in equilibrium with its daughters. The coincidence 
system consisted of two major branches, each composed of a detector, a pre­
amplifier, a linear pulse amplifier (LPA), a linear pulse selector (LPS), 
a linear gate and stretcher (LGS), and an analog-to-digital converter (ADC). 
The germanium detectors described in Sect. 1.2 provided their respective 
preamplifiers with current pulses, directly proportional to the amount of 
energy given up in the sensitive volume of the germanium crystal by the 
incident photon. The preamplifier converted this current pulse into a 
voltage pulse whose amplitude was directly proportional to the deposited 
energy. 
Following the pulse amplifier in each branch of the system was a 
pulse selector (LPS). This module contained a single-channel analyzer, 
a pulse-shape discriminator, and a gating circuit which was capable of 
combining several logic signals to generate an output which controlled 
the linear gate. Only when the linear gate received an output from the 
LPS did it allow the pulse to be passed to the ADC. An adjustable delay 
was included in the pulse selector so that the output signal from one LPS 
(the master pulse selector) could be used to gate the input to the other 
LPS. A pulse-shape discriminator was included in each LPS to reduce deg­
radation of system resolution due to pulse pileup (one pulse riding on the 
tail of a previous pulse). 
In this manner, all decisions concerning the acceptability of a 
particular energy pulse and any coincidence requirements which might have 
been imposed were made before the pulse was allowed to pass to the ADC. 
The linear gate contained a biased amplifier which allowed a fixed 
32 
voltage to be subtracted from the amplitude of each pulse. This permitted 
energies in a particular region of interest to be digitized by the analog-
to-digital converter (ADC). 
A fast timing system determined whether a prompt coincidence had 
occurred. The time of occurrence of an event in a detector was determined 
by a discriminator which generated an output whenever the preamplifier sig­
nal exceeded a certain minimum threshold. The output of the small volume 
Ge(HP) detector (Det. No. 1) was used to start a time-to-amplitude con­
verter (TAC). The output of the large volume,true coaxial Ge(Li) detector 
(Det. No. 2) was delayed for 110 nanoseconds and used to stop the TAC. 
The TAC produced an output pulse whose amplitude was proportional to the 
time interval between these two start and stop signals. 
Time resolution was determined by the charge collection time of 
the detector and preamplifier. The timing window on the single channel 
analyzer was set to accept a range of TAC output pulse amplitudes corre­
sponding to a coincidence resolving time of about 75 nanoseconds (See Fig. 
10). The true-to-chance coincidence ratio was approximately 3 to 1 for 
these measurements. The TAC output was required to overlap the other 
Z 3 O 
o I Chancej I Prompt | 
CHANNEL NUMBER Figure 10. Coincidence Time Spectrum 
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gating signals at the master pulse selector to permit pulse analysis. 
Thus, propagation of a pulse down both branches of the coincidence 
detection system required simultaneous arrival of signals from the TAC and 
from the other linear pulse selector at the master pulse selector. Events 
meeting this fast-slow coincidence condition were then digitized and 
recorded. 
Since coincidence measurements were recorded over a period lasting 
for several days, a spectrum stabilization system was required to prevent 
drift of the gain or zero level electronic settings in order to preserve 
the high resolution of the Ge(Li) detectors. Stabilization was based on 
the use of two highly stable dual pulsers which introduced reference 
pulses into each branch of the coincidence system. 
A PDP-8/e computer served as the basis of the two-parameter coin­
cidence system. The data buffers were periodically written out onto mag­
netic tape in event-by-event form. Each event consisted of a twelve-bit 
integer from each of the two ADC units corresponding to the channel number 
of the energy of the gamma-ray transition observed in each detector. 
These event-pairs were stored sequentially as they occurred in a 2048-word 
memory buffer of the PDP-8/e. When one buffer was filled, it was immed­
iately written onto magnetic tape while data collection continued in a 
second memory buffer. 
These raw event-by-event coincidence data were later sorted into 
composite spectra which were the total number of events in one detector 
which had occurred in coincidence with events of any energy in the other 
detector, i.e., the total spectrum observed in one detector. Gates were 
then selected corresponding to each photopeak in both composit spectra. 
34 
These gates necessarily included the photopeak as well as the underlying 
Compton background distribution. A correction for this Compton background 
was obtained by setting windows to the left and/or right of each photo­
peak. Thus, if the photopeak gate and background gate were of equal width 
subtraction would yield the true gamma-ray coincidence spectrum. When the 
photopeak gate and Compton background windows were not of equal width, 
the correction was adjusted accordingly. 
Analysis of the coincidence data was accomplished by computer pro­
grams. The raw coincidence data were sorted into composit spectra using 
program SORT. Another program (SEARCH) was then used to compute the area 
of each photopeak in the gated spectra. 
Two separate coincidence experiments were conducted. The first ex­
periment involved the two detectors described in Sect. 1.2 [the small 
volume Ge(HP) and the large volume, true coaxial Ge(Li)]. A total of 
1,561,000 coincidence events were recorded over a two-day period in this 
experiment. A second coincidence experiment was then conducted with two 
large volume, coaxial Ge(Li) detectors to confirm the high energy gamma 
coincidence relationships. Approximately 7,077,000 coincidence events 
were recorded over a four-day period in this experiment. The gamma-gamma 
coincidence relationships observed in these experiments are presented in 
Table 3. Those relationships denoted by (C) represent strong coincidences. 
As examples of the coincidence data used in compiling Table 3, 
Figs. 11 and 12 show typical coincidence spectra. Fig. 11 shows the 
The second large volume coaxial Ge(Li) detector has characteristics 
very similar to those described in Sect. 1.2 for the first large volume 
detector. 
3 5 
Table 3 . Results of Gamma-Gamma Coincidence Experiments 
4 9 2 . 3 
4 3 4 . 7 
3 8 5 . 5 
3 3 4 . 4 9 
3 1 6 . 0 5 
2 8 5 . 5 4 
2 7 7 . 6 6 
2 7 2 . 8 7 
2 5 4 . 4 6 
2 2 8 . 1 1 
2 2 6 . 6 4 
2 0 9 . 8 6 
1 8 1 . 8 3 
1 6 6 . 3 9 
1 4 2 . 1 8 
1 2 1 . 7 0 
1 2 0 . 5 9 
1 1 7 . 6 0 
1 1 7 . 1 5 
1 1 6 . 4 1 
1 0 6 . 2 9 
1 0 3 . 6 5 
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gamma-ray spectrum obtained from the large volume Ge(Li) detector by 
gating on the previously unplaced 121.70 keV gamma transition in the small 
volume Ge(HP) detector. This spectrum demonstrates that the 121.70 keV 
gamma transition occurs in coincidence with the 106.29 keV gamma which is 
239 
a well known doublet in the Pu level scheme (see Chapter IV). 
Fig. 12 shows the gated coincidence spectrum of the 385.5 keV gamma 
ray. This spectrum was obtained from the small volume Ge(HP) detector by 
gating on the region including the gamma ray in the large volume Ge(Li) 
detector. The previously unplaced 385.5 keV transition is seen to be in 
coincidence with the L a x rays of Pu, but not with the LP or LY x rays. 
La x rays arise from electron cascade filling of an L^ subshell 
vacancy, while L$ and Ly x rays are principally the result of the filling 
of L^ of L 2 vacancies. Therefore, coincidence of the 385.5 keV gamma ray 
with only the Pu La x ray indicates that it is in coincidence with a gamma 
ray which is converted totally in the L^ subshell. 
Since there is no photon multipolarity which produces total con­
version in the L^ subshell, a search was made for a possible gamma transi­
tion which has enough energy to convert in the L^ subshell, but is ener­
getically forbidden to convert in the L^ or L^ subshells. The only trans-
239 
ition between known energy levels in Pu which meets these criteria is 
between the 75.73 and 57.28 keV levels. In fact, the energy difference 
between the 75.73 and the 461 keV levels corroborates placement of the 
385.5 keV gamma transition between these levels. 
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CHAPTER IV 
RESULTS AND DISCUSSION 
The present work is the first comprehensive gamma-ray study of the 
243 239 
decays of Am and Np using a two-parameter coincidence spectrometer 
with high resolution germanium detectors. The combination of an ultra­
high resolution small volume detector, Ge(HP), and a high efficiency 
large volume detector, Ge(Li), allowed many multiplet photopeaks in the 
spectra to be resolved and measured (See Table 2 ) , and their coincidence 
relationships to be established for the first time (See Table 3 ) . 
239 
The level scheme of Pu had been established by study of the 
239 20 21) 239 22) 
beta decay of Np, ' electron capture decay of Am, and alpha 
, . 243 n 23,24) „ . t J 25,26) decay of Cm. However, previous coincidence studies con-
239 
firmed the placement of only four of the many transitions in Pu decay. 
239 
Because of preferential feeding of the lower excited states of Np 
243 
from Am decay, little additional information on this decay was obtained 
in the present work. However, three of the transitions placed by Engel-
8 9) 
kemeir ' were confirmed. 
From the high resolution singles data, new gamma rays of 116.41, 
121.70, and 385.5 keV were observed. These transitions have been assigned 
239 
to Np decay based on radiochemical separation, their observed equilibrium 
growth rate, and their gamma-gamma coincidence relationships. 
The observed 116.41 keV coincidence in the 67.04 keV gated spectrum 
40 
confirms placement of this transition between the 193.0 and 75.73 keV 
239 
levels in the Pu decay scheme. Observed coincidences between the 121.70 
keV and the 106.29 keV transitions clearly establish that the transition 
depopulates the 285.44 keV level. Coincidence relationships observed 
between the Pu La x rays and the 385.5 keV transition also confirm the 
placement of this previously unreported gamma ray. 
239 
The proposed level scheme for Np is shown in Fig, 13. These 
levels can be characterized in terms of two intrinsic Nilsson states : the 
5/2 [642] ground state and a 5/2 [523] vibrational state at 74.67 keV. 
Rotational excitations are built upon these intrinsic Nilsson states. The 
7/2+ level at 31.142 keV, the (9/2+) level at 71.21 keV, and the (11/2+) 
level at 123.0 keV represent rotational excitations of the 5/2 +[642] 
ground state. The 7/2- level at 117.66 keV, the 9/2- level at 173.05 
keV, the 11/2- level at 241.4 keV, and the (13/2-) level at 320.0 keV 
represent rotational excitations of the 5/2 [523] state at 74.67 keV. 
The present work confirms the existence of the weak 43.1 keV tran­
sition between the 7/2- level at 117.66 keV and its band head at 74.67 
8) 
keV proposed by Engelkemeir. This weak 43.1 keV gamma was found in 
coincidence with both the 43.53 keV and the 74.67 keV gamma transitions, 
although it was not resolved from the 43.53 keV photopeak in the high 
resolution singles spectra. 
The remaining very weak gammas shown in Fig. 13 with energies of 
50.6, 55.4, 98.5, 169.0, and 195.0 keV were not observed in the present 
8) 
work. They have been seen previously in a-y coincidence or in conver-
9) 243 
sion electron studies from the decay of Am. 
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Figure 13. Decay Scheme of Np 
(Figure shows levels and transitions following a-decay of ^"^Am studied in 
the present work. Energies are in keV. Relative photon intensities are 
given in Table 2. Brackets indicate the two rotational bands based on the 
5/2+[642] and the 5/2" [523] Nilsson states as discussed in the text.) 
*E2 for the 7/2+ -* 5/2+ ground-state transition is less than 30% 
(see Ref. 27). 
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239 
level scheme has been well established by published work on this nu-
28) 
20 26) 
elide. The levels have been characterized in terms of four in­
trinsic Nilsson states and the rotational excitations of these states. 
The Nilsson states and their energies are l/2 +[631], ground; 5/2 +[622], 
285.4 keV; 7/2" [743], 391.5 keV; and 1/2" [501], 469.8 keV. 
The 3/2+ level at 7.85 keV, the 5/2+ level at 57.28 keV, the 7/2+ 
level at 75.73 keV, the 9/2+ level at 163.79 keV, and the proposed (11/2+) 
28 ) 
level at 193.0 keV are rotational excitations based upon the ground 
state Nilsson band of l/2 +[631]. Other rotational levels have been as­
signed to Nilsson states as indicated in Fig. 14. 
The present work confirms 24 of the gamma-gamma coincidence rela-
239 
tionships in the Pu level scheme for the first time and places new 
gamma transitions with energies of 116.41, 121.70, and 385.5 keV. 
The placement of the 121.70 and 116.41 keV transitions confirms 
for the first time that the 193.0 keV level has a spin-parity of 11/2+. 
The decay characteristics of the 285.4 keV 5/2+ level, which is now known 
to decay to states with spins of 1/2, 3/2, 5/2, 7/2, and 9/2, but not to 
the level at 193.0 keV, indicate that the spin of the 193.0 keV level 
must be larger than 9/2. Additional evidence is obtained by the observed 
presence of the 116.41 keV transition to the 7/2+ level at 75.73 keV, but 
not to the 5/2+ level at 57.28 keV or to lower spin states, indicating 
that the spin is 11/2+. 
Placement of the 385.5 keV transition confirms for the first time 
that the 11/2+ level at 461.0 keV is fed in this decay. This level was 
243 23 24) 
known to be fed weakly (0.02%) by the alpha decay of Cm, ' but had 
The proposed level scheme for Pu is shown in Fig. 14. This 
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239 
Decay Scheme of Pu 
239 
decay of Np studied 
(Figure shows levels and transitions following 3 
in the present work. Energies are in keV. Relative photon intensities are 
given in Table 2. Brackets indicate the four rotational bands based on the 
l/2+ [631], the 5/2+ [622], the 7/2" [743], and the l/2" [501] Nilsson 
states as discussed in the text.) 
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not previously been observed from the beta decay of Np. 
Weak 361 .6 , 418 .6 , and 552.8 keV gammas were observed in the 
singles measurements taken with the large volume Ge(Li) detector (see Fig. 
7 ) , but could not be placed in the decay scheme based on energy fitting. 
They were not observed in the coincidence measurements. 
In conclusion, this work has verified most of the previously re-
239 239 
ported transitions in the level schemes of Np and Pu. The place­
ment of three new transitions enables us to definitely assign a spin to 
the 193.0 keV level of 11/2 and to firmly establish the 461.0 keV level 
239 
in Pu. The weak 4 3 . 1 keV gamma transition from the 117.66 keV level 
239 
in Np has been confirmed. 
The results of the present work provide confirmation of previous 
experimental gamma-ray measurements for these decay schemes. Data such 
as these gathered by singles and gamma-gamma coincidence spectroscopy 
are useful in positively establishing nuclear level schemes. 
As more experimental data are compiled, trends such as consistent 
energy level spacings, transition probabilities, and decay modes may be 
detected. These trends may suggest more about the physical nature of 
the nucleus and may provide insight for the construction of working 
theoretical nuclear models. 
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